The isocyclic ring of bacteriochlorophyll (BChl) is formed by the conversion of Mg-protoporphyrin monomethyl ester (MPE) to protochlorophyllide (PChlide). Similarities revealed by BLAST searches with the putative anaerobic MPE-cyclase BchE suggested to us that this protein also uses a cobalamin cofactor. We found that vitamin B12 (B12)-requiring mutants of the bluE and bluB genes of Rhodobacter capsulatus, grown without B 12, accumulated Mgporphyrins. Laser desorption͞ionization time-of-flight (LDI-TOF) MS and NMR spectroscopy identified them as MPE and its 3-vinyl-8-ethyl (mvMPE) derivative. An in vivo assay was devised for the cyclase converting MPE to PChlide. Cyclase activity in the B12-dependent mutants required B12 but not protein synthesis. The following reaction mechanism is proposed for this MPE-cyclase reaction. Adenosylcobalamin forms the adenosyl radical, which leads to withdrawal of a hydrogen atom and formation of the benzylic-type 13 1 -radical of MPE. Withdrawal of an electron gives the 13 1 -cation of MPE. Hydroxyl ion attack on the cation gives 13 1 -hydroxy-MPE. Withdrawal of three hydrogen atoms leads successively to 13 1 -keto-MPE, its 13 2 -radical, and cyclization to PChlide.
T
he Mg-protoporphyrin monomethyl ester (MPE)-cyclase is an enzyme activity converting MPE to protochlorophyllide (PChlide) in the Mg branch of the tetrapyrrole biosynthetic pathway leading to chlorophyll and bacteriochlorophyll (BChl) (Fig. 1) . Cobalamin is formed from uroporphyrinogen, the first tetrapyrrole intermediate. During evolution cobalt tetrapyrrole may thus have preceded the formation of chlorophyll and an oxygen atmosphere. The cobalt tetrapyrroles still play an essential role in anaerobic reactions involved in energy production. Many photosynthetic bacteria form their BChl only under anaerobic conditions. Consequently, as shown in ref. 1, the 13 1 -oxo group of the isocyclic ring in Rhodobacter sphaeroides is derived from water and not molecular oxygen, as it is in higher plants (2) . Aerobic cyclase activity has been demonstrated in higher plants (3) and Synechocystis (4) . In both cases a soluble and a membrane fraction were shown to be required, but purification and identification of the proteins involved were not reported. In vitro anaerobic cyclase activity has not been reported.
MPE accumulates in transposon mutants of the Rhodobacter capsulatus bchE gene, suggesting that the encoded protein is required for MPE-cyclase activity (5) . Sequence similarities of BchE to P-methylase from Streptomyces hygroscopicus suggested to us a cobalamin requirement for the MPE-cyclase. Disruption of the vitamin B 12 (B 12 ) biosynthetic genes bluE and bluB in R. capsulatus strongly inhibited formation of BChl and proteins of the photosynthetic apparatus (6, 7) .
We show here that MPE, an intermediate of the BChl biosynthetic pathway, accumulates in B 12 -requiring mutants carrying bluE and bluB genes. Furthermore, MPE can be efficiently converted to PChlide by these mutants, but only when a form of cobalamin is provided.
Materials and Methods
Chemicals. Mg-protoporphyrin (MP) and its dimethyl ester (MDE) were obtained from Porphyrin Products (Logan, UT). MPE and 3-vinyl-8-ethyl-MPE (mvMPE) were prepared from extracts of R. capsulatus kanamycin transposon mutant bchE and described below. PChlide was prepared by treatment of 7-day dark-grown barley shoots with 10 mM ␦-aminolevulinate overnight.
Bacterial Strains and Cell Growth. Cell growth of capsule-less wildtype R. capsulatus 37b4, and derived transposon Tn7 and ⍀ interposon mutants AH2 and BB1, in the bluE gene and the bluB gene, respectively (6, 7) , was measured at 700 nm. R. capsulatus DB575, a kanamycin transposon mutant of the bchE gene (5, 8) was grown with shaking at 140 rpm, at 30°C in the light (fluorescent white light, Philips TLD 18-W) or in the dark in 100-ml conical flasks containing 50 ml of medium. For bluE and bluB mutant strains, a minimal malate medium was used (9) , with or without the addition of 10 g⅐ml Ϫ1 B 12 (this amount of B 12 is considered to be of critical importance). Cells were prepared for growth without B 12 as follows. Cells (bluE or bluB) were grown for 2 days with B 12 , during which time the cells attained stationary phase and a purple reddish color. The cells were centrifuged for 20 min at 2,200 ϫ g and resuspended in 1͞10 vol of medium without B 12 . Inocula sizes of 10-50 l (bluE) or 10-40 l (bluB) were used to observe optimal Abbreviations: B12, vitamin B12; AdCob, adenosylcobalamin; MP, Mg-protoporphyrin; MDE, Mg-protoporphyrin dimethyl ester; MPE, Mg-protoporphyrin monomethyl ester; mvMPE, 3-vinyl-8-ethyl-MPE; PChlide, protochlorophyllide; BChl, bacteriochlorophyll; LDI-TOF MS, laser desorption͞ionization time-of-flight mass spectrometry; ANCOPROX, anaerobic coproporphyrinogen oxidase. † To whom reprint requests should be sent at present address: Nyelandsvej 14, St., tv, 2000 Frederiksberg, Denmark. E-mail: gough@biobase.dk.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Mg-porphyrin accumulation with a convenient culture time of 25-30 h. Larger inocula apparently contained enough residual B 12 to allow more BChl formation (see Figs. 7 and 8 in the supplementary data at www.pnas.org). For large-scale pigment production the bchE mutant strain was grown in a medium with 0.1% peptone and 0.1% yeast extract (10) .
Extraction and Quantitative Determination of MPE, mvMPE, PChlide, and BChl. One milliliter of cell culture, or the in vitro assay mixture, was centrifuged briefly in orange Eppendorf tubes (to protect light-sensitive Mg-porphyrins). The pelleted cells were vigorously resuspended in 50 l of the supernatant. Pigments were extracted from the cells by addition of 0.75 ml of acetone͞ 0.35 M ammonia (4:1, vol͞vol) and 1 ml of hexane. BChl in the hexane layer was calculated by using an of 91.1 mM Ϫ1 ⅐cm Ϫ1 at 770 nm (11) . The ammoniacal acetone phase was diluted 20-fold and pigments were estimated with a Perkin-Elmer LS50B luminescence spectrometer. For MPE and mvMPE determination, excitation was at 418 nm and for PChlide at 440 nm. Emission intensities for MPE and mvMPE, at 595 nm, were standardized by using MP whose concentration was determined (12) with an 8452A Hewlett Packard diode array spectrophotometer. PChlide emission at 633 nm is presented directly.
Purification of Large Amounts of MPE from bchE and Mg-porphyrins from bluE or bluB Strains Grown Without B12. A modification of the method of Granick (13) was used. Centrifuged cells, from 5 liters of medium, were resuspended in a small volume of the supernatant and extracted with 100 ml of ammoniacal acetone and hexane. The aqueous phase was adjusted to pH 7.2 with saturated KH 2 PO 4 , and 50 ml of diethyl ether and saturated KCl (30 l per ml of aqueous phase) were added. The ether phase was separated and the ether extraction was repeated after addition of acetone. The combined ether extracts were then washed successively with M͞15 potassium phosphate, pH 7.4, pH 7.7, and pH 8.0 and with water. The ether was evaporated to 50 l in a stream of nitrogen. The residue was dissolved in 1 ml of ammoniacal acetone and the deep red solution was extracted three times with an equal volume of petroleum ether (bp 60-80°C) to remove most of the remaining carotenoid. The aqueous acetone phase was then evaporated to a small volume in a stream of nitrogen, and remaining water was removed under reduced pressure. The pigment, about 1 mg, was stored at Ϫ20°C until used. samples were applied and the Mg-porphyrin was separated by development in acetone͞0.1 M NH 3 (4.5:5.5, vol͞vol) for 45 min. The Mg-porphyrins were visualized under UV light. The separated Mg-porphyrins were extracted from the reversed-phase material by repeated extractions with small volumes of neutralized dimethyl sulfoxide.
Laser Desorption͞Ionization Time-of-Flight (LDI-TOF) MS. LDI-TOF MS was performed with a Bruker Reflex III MALDI-MS.
Matrix, when used, was ␣-cyanohydroxycinnamic acid. Samples were purified by solvent extraction and, in some cases, by chromatography. They were dissolved in 70% (vol͞vol) acetonitrile/30% water (containing 0.1% trichloroacetic acid when matrix was used) and applied to the sample holder.
NMR Spectroscopy. NMR spectroscopy was carried out with a Varian UNITY INOVA 500 operating at 500.1 MHz for 1 H. Samples were prepared in 600 l of deuterated methanol at 25°C. Chemical shifts are given relative to methanol 3.35 ppm for 1 H and 47.1 ppm for 13 C. The double quantum filtered phasesensitive correlated spectroscopy (COSY) spectrum was acquired by using the Varian standard pulse program TNDQ-COSY (14) . The nuclear Overhauser spectra were acquired by using the Varian standard pulse program TNNOESY (15), with mixing times of 200 and 400 ms. All spectra were assigned by using the computer program PRONTO (16) , which allows the simultaneous display of several two-dimensional spectra.
Determination of in Vivo Cyclase Activity of Wild-Type and B12-
Requiring Mutant R. capsulatus. Wild-type R. capsulatus was grown in 500 ml of medium with shaking at 150 rpm to OD 700 ϭ 0.8, OD 770 ϭ 0.2 in the light at 30°C, or as given. bluE mutant cells were grown from an inoculum of 100 l in 500 ml of medium without B 12 . Cells were harvested by centrifugation at 30,000 ϫ g for 5 min and resuspended, with or without a wash, in 1͞100 vol of 50 mM potassium phosphate buffer, pH 7.3. Cells (200 l) were assayed in closed Eppendorf tubes with slow shaking at 30°C for 1 h in the dark. Exogenous mvMPE ϩ MPE, purified by chromatography, from the bluB mutant, or endogenous mvMPE ϩ MPE was used as substrate.
Database Searches and Pileups. Searches were performed by using the BLAST and ⌿-BLAST (17) programs at the www.ncbi.nlm.nih.gov͞BLAST site. FASTA searches and Pileups were run on a local server, using the Wisconsin Package, Version 9.1, Genetics Computer Group (GCG; Madison, WI). Alignments were also adjusted manually. Preliminary sequence data for the bchE homologue of Chlorobium tepidum were obtained from The Institute for Genomic Research web site at http:͞͞www.tigr.org.
Results and Discussion
Sequence Similarity of bchE Gene Product to a Methylcobalamin-Using P-Methylase. The involvement of a cobalamin cofactor in the MPE-cyclase reaction was first suggested to us by resemblance of the primary structure of Rhodobacter BchE to a methylcobalamin-requiring P-methylase from Streptomyces hygroscopicus (18) . Position-iterated BLAST (⌿-BLAST) of the BchE homologue from Chlorobium tepidum revealed a highly significant similarity to other bchE gene products and to the P-methylase (Fig. 2) . Homologues of the Rhodobacter capsulatus cyclase gene, bchE, are thus additionally found in the photosynthetic bacteria Chlorobium tepidum, Synechocystis, and Heliobacillus mobilis.
A role of B 12 in anaerobic cyclase activity was also suggested to us by two observations from the literature. In Chlorobium liminicola strain 1230 (B 12 -requiring), BChl a and c decreased sharply under B 12 limitation (19) . Furthermore, treatment of Chlorobium cells with nitrous oxide and other anesthetics leads to MPE accumulation and inhibition of antennae-associated BChl d formation (20). Nitrous oxide is well known as an inhibitor of cobalamin-containing enzymes (21) (22) (23) (24) . Fig. 2 also shows that, except for the missing N-terminal domain, (which may bind B 12 ), another similar protein is the anaerobic coproporphyrinogen oxidase (ANCOPROX).
Effect of B12 Depletion on Mg-Porphyrin Accumulation. To test the hypothesis that the MPE-cyclase requires a cobalamin cofactor, we investigated the effect of B 12 deprivation on pigment synthesis in R. capsulatus. Accordingly, the B 12 -requiring mutants of R. capsulatus bluE or bluB were investigated. Cells were grown without B 12 as described. Cultures of R. capsulatus form photosynthetic pigments only under anaerobic growth conditions. The mutants can grow without B 12 and form a little BChl (see Fig. 7 in the supplementary data at www.pnas.org) even after repeated subculture without B 12 . Possibly, some cells may lose the kanamycin transposon and consequently form B 12 . Minute amounts of B 12 in the culture from these cells may be required for expression of gene products important for the observation of the results in this paper. Under anaerobic growth conditions without B 12 the blu mutants have a pink color (blush) that is not caused by just carotenoid formation. The crude culture extracts showed characteristic emission spectral maxima (595 nm) for excitation at 418 nm, suggesting Mg-porphyrin accumulation. A priori it might have been expected that B 12 -deficient cells would lack methionine, if they use only a B 12 -dependent methionine synthase and therefore are unable to carry out the S-adenosylmethionine-requiring MPE transferase reaction. MP should therefore accumulate. However, addition of methionine did not restore BChl formation to the B 12 -requiring mutants at the bluE or bluB loci (G. Klug, personal communication).
Preliminary Identification of Accumulated Metalloporphyrins by Re-
versed-Phase Chromatography. Reversed-phase chromatography of the ammoniacal acetone layer from crude extracts of bluE and bluB mutant strains indicated that the accumulated metalloporphyrins had a low R f , similar to MPE prepared from the R. capsulatus bchE mutant, compared with the dicarboxylic MP, which ran near the solvent front. Cochromatography of metalloporphyrins from bluE and bluB mutants with the MPE extracted from the R. capsulatus mutant bchE showed only one main fluorescent spot (see Fig. 9 in the supplementary data at www.pnas.org). These experiments showed that the main accumulated metalloporphyrins in the B 12 -requiring mutants were not like MP but were very similar or identical to the MPE from the bchE mutant. Spectroscopic characterization of the metalloporphyrins was similar to that of MPE from the bchE mutant. After chromatographic purification, absorption spectra of the main porphyrins from the B 12 -requiring mutants were very similar to the MPE from the bchE mutant. (Table 1 and Fig. 10 in the supplementary data at www.pnas.org). The blue-shifted Soret maximum relative to MP suggests the presence of the less-conjugated monovinyl-Mg-protoporphyrin entity in all of the mutants.
Identification of the Metalloporphyrins in the bchE, bluE, and bluB
Mutants as Mg-Porphyrins. Mass peaks given in Table 1 and shown in Fig. 10 of the supplementary data at www.pnas.org) for MPE from the bchE mutant, used as a standard, have identical mass to the molecular ions, (M) ϩ , of MPE and mvMPE. Mass peaks values of the respective metal-free porphyrins were also observed as the (MϩH) ϩ ions. For all mutants the difference in mass between each pair of metallated (M) ϩ , and metal-free (MϩH) ϩ porphyrin species is 21 units. Three extra mass units should be added. Two extra protons attach to two pyrrole nitrogens after loss of the metal and a third is added to produce the (MϩH) ϩ species. This gives the mass of the metal as 24 units, identifying it as magnesium (atomic weight 24.3). It should be noted that the ''MPE'' accumulated by the bchE mutant (5) is shown by this analysis to consist of a mixture of MPE and its monovinyl derivative. As indicated, identical results were obtained with the porphyrins isolated from the bluE and bluB mutants. When matrix was used with samples dissolved in acid acetonitrile, only the two (MϩH) ϩ ions reported were observed for all mutants (data not shown). These results establish that Mg-porphyrins with the molecular weights of MPE and mvMPE accumulate in the bluE and bluB mutants, when B 12 is lacking. Although the samples for mass spectra were not purified by chromatography, no other peaks attributable to other metalloporphyrins or porphyrins were found. However, peaks attributable to fatty acids or carotenoids were present. LDI-TOF MS spectra of porphyrins without the use of classical matrices have previously been reported (25) .
MPE and mvMPE from the bluE and bluB mutants were confirmed by NMR spectroscopy. The assignments of 1 H data were carried out as for heme systems (26). This assignment procedure relies on the nuclear Overhauser effect (NOE) between adjacent substituents of the ring system-e.g., between 2-CH 3 and the 20-meso proton and likewise between 2-CH 3 and proton of the 3-vinyl group (Fig. 3 ). These NOEs form a self-consistent network around the ring system. The difference in the structure of MPE and mvMPE is clearly seen by the differences in chemical shifts. That is, the 8-ethyl group of mvMPE gives clearly distinct shifts from the corresponding vinyl group at position 3 ( Table 2) , and the position is established by the NOE correlations (see Fig. 11 in the supplementary data at www.pnas.org). The methyl ester positions of MPE and mvMPE were assigned with the help of commercial MP and MDE, whose assignments agree well with other data (27, 28) when differences of solvent and complex form are considered. These results clearly show that only the propionic acid group at position 13 on the ring is methylated. The 13 2 -CH 2 of methyl propionate in MPE and mvMPE shows distinct chemical shifts for 1 H (3.39 ppm) and 13 C (36.2 ppm). These shifts are in good agreement with those for the corresponding atoms of the methyl propionate at the 13 position in the MDE, 3.37 ppm and 36.1 ppm (Table  2 ). In contrast, the 17 2 -CH 2 chemical shifts (3.24 19 ppm and 40.5 ppm) . Based on the analysis above, the MS and NMR data lead to the structures for MPE and mvMPE shown in Fig. 6 .
Effects of B12 on bluE and bluB Mutant Cells. The accumulation of MPE and mvMPE at the expense of BChl, by the B 12 -depleted mutant bluE or bluB cells could be prevented by B 12 (Fig. 4) , suggesting that a cobalamin cofactor is required to convert MPE to PChlide in R. capsulatus.
Nicotinamide causes PChlide accumulation in R. sphaeroides (29) resulting from an inhibition of PChlide reductase. In agreement therewith, vitamin B 12 -deficient bluE cells incubated with vitamin B 12 , 10 mM nicotinamide, and chloramphenicol accumulated PChlide. Fig. 5A shows the characteristic absorption maxima at 436 and 630 nm, of PChlide in the B 12 -treated cells relative to control. Chromatography of the pigments from the B 12 -treated cells showed a green band, running slightly ahead of MPE, with the same R f as PChlide. The eluted green band had a Soret absorption at 434 nm. Further experiments showed that after about 4-6 h, chloramphenicol begins increasingly to inhibit PChlide formation.
In Vivo Cyclase Activity in the bluE Mutant Requires a Form of
Cobalamin. It has not yet been possible to measure cyclase activity in cell-free preparations of R. capsulatus, so an in vivo assay for the cyclase was developed for wild-type cells (Fig. 5B ). Cells supplied with MPE and nicotinamide exhibited high MPEcyclase activity. Sonication destroyed the activity. The pH optimum of this activity is remarkably narrow at pH 7.3. To demonstrate that MPE-cyclase is directly dependent on a cobalamin cofactor, we repeated this experiment with the B 12 -requiring bluE mutant under conditions where protein synthesis was inhibited (Fig. 5C ). The MPE that accumulated in the bluE mutant could be used as internal substrate in cyclase assays. Fig.  5C shows that mutant MPE cyclase activity has an absolute demand for exogenous B 12 or AdCob. This experiment shows that a cobalamin cofactor acts directly on the cyclase reaction. Since methylation is not involved, the cofactor is presumably AdCob and not methylcobalamin. This result is supported by experiments with wild-type cells permeabilized by two freezethaw cycles (see Fig. 12 in supplementary data at www.pnas.org). Substantial MPE-cyclase activity is observed with these cells supplied with 10 mM nicotinamide, 30 mM MgCl 2 , and 8 M MPE (purified from bluB mutant) in 2.8 l of DMSO. The system has an absolute requirement for MPE and partial requirements for Mg 2ϩ and nicotinamide. Addition of 15 M AdCob partially inhibited formation of PChlide.
Role of Iron in BChl Biosynthesis. An Iron-Sulfur Center in the BchE
Gene Product? Iron-deficient R. capsulatus accumulates coproporphyrin and MPE (30) , suggesting the presence of iron in both the ANCOPROX and the cyclase. There are four conserved cysteines in the MPE-cyclases and the methylases, shown in Fig. 2 . Three cysteines are grouped between position 230 and 237. The fourth is at position 297. ANCOPROX has only the three grouped cysteines. This cysteine arrangement resembles somewhat an iron-sulfur center as found in biotin synthase (31) . As proposed below, an iron-sulfur center could mediate one-electron transfer from the substrate. The iron-sulfur center of the biotin synthase and related enzymes is thought to be required for generation of the adenosyl radical from S-adenosylmethionine (32) .
Proposal of an AdCob-Dependent Anaerobic Mechanism for Formation of the Isocyclic Ring of Chlorophyll. The proposed reaction mechanism for an AdCob-requiring cyclase reaction is shown in Fig.  6 . In the reaction six hydrogen atoms are formally removed from the substrates MPE and water. The electrons are removed from the enzyme by an iron-sulfur center. We propose that the enzyme catalyzes formation of the adenosyl radical from AdCob. This radical then transfers its free electron to the substrate, possibly via a protein radical (step 1, Fig. 6 ). Initially the radical abstracts a hydrogen atom, forming the 13 1 -radical of the methyl propionate side chain of MPE. This radical, analogous to a benzylic radical, is stabilized by electron delocalization over the ring. If, during the further reactions, radical termination occurs, regenerated adenosyl radical initiates the process again. Electron withdrawal (step 2) leads to the 13 1 -cation of MPE. This cation is attacked, in step 3, by OH Ϫ derived from water, forming the 13 1 -hydroxy derivative of MPE. Withdrawal of a hydrogen atom (step 4) gives the 13 1 -radical of 13 1 -hydroxy-MPE. This will make the 13 1 -hydroxyl group much more acid (33) so that, in step 5, it will dissociate and attack a metal ion such as Fe(III) in the iron-sulfur center. This would facilitate intermolecular electron transfer to give 13 1 -keto-MPE. Removal of a hydrogen atom (step 6) then occurs to form the 13 2 -radical of 13 1 -keto-MPE. Finally, this radical attacks the adjacent methene carbon and a hydrogen atom is again removed to give the isocyclic ring of PChlide. A radical reaction by itself is not expected to provide the stereospecificity required for the isocyclic ring closure. Such stereospecificity may involve participation of auxiliary protein as exemplified by (ϩ)-pinoresinol formation in lignan biosynthesis (34) . Alternatively, a dehydrogenase may oxidize the hydroxy intermediate to the keto form and the ring closure may not require a radical intermediate, if an enol intermediate is generated after the keto group is introduced.
The in vitro system with permeabilized cells synthesizing PChlide from externally added Mg-protoporphyrin IX monomethyl ester and the cofactor vitamin B 12 provides an opportunity to investigate the enzymology and the mechanism of the isocyclic ring formation catalyzed by the BchE protein. Proposed radical reaction mechanism for an AdCob-dependent anaerobic MPE-cyclase.
